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We previously showed that during protoplast isolation, an oxidative burst occurred and the generation of active oxygen
species was differentially mediated in tobacco (Nicotiana tabacum) and grapevine (Vitis vinifera), accompanied by significant
quantitative differences (A.K. Papadakis, K.A. Roubelakis-Angelakis [1999] Plant Physiol 127: 197–205). We have now
further tested if the expression of totipotency in protoplasts is related to the activity of cellular antioxidant machinery during
protoplast culture. Totipotent (T) tobacco protoplasts had 2-fold lower contents of intracellular O2

.2 and H2O2 and 7-fold
lower levels of O2

.2 and H2O2 in the culture medium, compared with non-totipotent (NT) tobacco protoplasts. Addition of
alkaline dimethylsulfoxide, known to generate O2

.2, resulted in isolation of tobacco protoplasts with reduced viability and
cell division potential during subsequent culture. Active oxygen species levels decreased in tobacco and grapevine
protoplasts during culturing, although higher contents of O2

.2 and H2O2 were still found in NT- compared with T-tobacco
protoplasts, after 8 d in culture. In T-tobacco protoplasts, the reduced forms of ascorbate and glutathione predominated,
whereas in NT-tobacco and grapevine protoplasts, the oxidized forms predominated. In addition, T-tobacco protoplasts
exhibited severalfold lower lipid peroxidation than NT-tobacco and grapevine protoplasts. Furthermore, several antioxidant
enzyme activities were increased in T-tobacco protoplasts. Superoxide dismutase activity increased in tobacco, but not in
grapevine protoplasts during culturing due to the increased expression of cytoplasmic Cu/Zn-superoxide dismutase. The
increase was only sustained in T-tobacco protoplasts for d 8. Together, these results suggest that suppressed expression of
totipotency in protoplasts is correlated with reduced activity of the cellular antioxidant machinery.

Plant protoplasts, i.e. plant cells devoid of cell
walls, represent a very efficient experimental model
and are also valuable tools for biotechnological ap-
plications, such as somatic hybridization and ge-
netic transformation, providing they exhibit totipo-
tency, i.e. can regenerate to produce whole plants.
However, protoplasts from most of the agricultur-
ally important plant species exhibit recalcitrance to
regeneration. The reasons why these protoplasts do
not express totipotency are largely unknown. They
could be as simple as deficiencies in the culture
medium or much more complex, such that totipo-
tency through induction of high frequency cell di-
visions and morphogenic expression requires the
transduction and perception of specific signals and
gene expression, which are blocked in non-
totipotent (NT) protoplasts. Grapevine (Vitis vinif-
era) is a perennial woody plant species whose pro-
toplasts exhibit recalcitrance to regeneration, in
contrast to tobacco (Nicotiana tabacum) protoplasts,
which are readily totipotent (T) or NT depending
upon the method of preparation.

Oxidative stress, resulting from imbalance be-
tween active oxygen species (AOS) generation and

antioxidant capacity of cells, has been proposed to
contribute to recalcitrance of plant protoplasts (Cut-
ler et al., 1991; Roubelakis-Angelakis, 1993). AOS
such as superoxide radicals (O2

.2), hydrogen perox-
ide (H2O2), and hydroxyl radicals (.OH) can accu-
mulate in response to biotic and abiotic stress (Scan-
dalios, 1993; Foyer et al., 1997). They can have a
detrimental effect on the metabolism, growth, and
development of cells through their ability to initiate
reaction cascades that result in the production of
toxic chemical species, such as hydroxyl radicals
and lipid peroxides, ending in cell dysfunction and
death (Bowler et al., 1992; Scandalios, 1993; Alscher
et al., 1997). In parallel, however, AOS may also
have a positive role in plant growth and develop-
ment; H2O2 participates in the peroxidase-mediated
intramolecular isotyrosine ether cross-linking of re-
constituted cell walls (Iiyama et al., 1994) and O2

.2

and H2O2 may serve as signal molecules, stimulat-
ing defense responses (Jabs et al., 1997; Lamb and
Dixon, 1997). A dual role for H2O2 in the regenera-
tion of protoplasts has also been shown (de Marco
and Roubelakis-Angelakis, 1996a, 1996b).

Living organisms have developed a wide range of
antioxidant strategies for protection from oxidative
damage, based on direct radical scavenging ability
of certain chemical species such as ascorbate, gluta-
thione, a-tocopherol, and polyamines (Larson, 1988;
Noctor and Foyer, 1998), and also enzymic reactions
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(Scandalios, 1993; Foyer et al., 1994). Superoxide
dismutase (SOD) is the first enzyme in the detoxi-
fying process (Scandalios, 1993); it disproportion-
ates O2

.2 to H2O2, which is further reduced to water
by catalase in peroxisomes and by ascorbate perox-
idase (APO) in chloroplasts and the cytosol (Foyer
and Halliwell, 1976; Asada, 1992; Alscher et al.,
1997). Oxidized ascorbate resulting from APO activ-
ity is reduced by monodehydroascorbate reductase
(MDHAR) and dehydroascorbate reductase
(DHAR) in reactions, which exploit NADPH and
glutathione; glutathione reductase (GR) completes
the cycle maintaining a high ratio between reduced
glutathione (GSH) and its oxidized form (GSSG) in
the cell (Alscher et al., 1997). Moreover, GSH is also
a substrate for glutathione peroxidase (GS-POX),
which has a preference for organic hydroperoxides
both in animals and plants (Eshdat et al., 1997).

Results from previous comparative work using
tobacco and grapevine protoplasts have shown sig-
nificant differences in their oxidative and antioxida-
tive machinery (Siminis et al., 1993, 1994; de Marco
and Roubelakis-Angelakis, 1996a, 1996b, 1997, 1999;
Papadakis and Roubelakis-Angelakis, 1999). Estab-
lishment of a protocol for isolating T- and NT-
tobacco protoplasts (Siminis et al., 1994) enabled
their comparison. Total POX activity was signifi-
cantly higher in T-tobacco than in grapevine proto-
plasts during culturing, with expression of specific
isoenzymes; during the first days in the culture, the
cell wall-bound acidic isoenzymes, whereas later in
the culture, the basic isoenzymes were induced (Si-
minis et al., 1993). Also, the H2O2-scavenging activ-
ity of catalase was increased in grapevine but not in
tobacco protoplasts during culturing; in NT-tobacco
and grapevine protoplasts the most catalatic isoen-
zymes predominated, whereas in T-tobacco proto-
plasts, the de novo accumulation of the catalase
b-subunit gave rise to the less catalatic, acidic isoen-
zymes (Siminis et al., 1994). APO activity and tran-

script of cytoplasmic isoform were present only in
T-tobacco protoplasts (de Marco and Roubelakis-
Angelakis, 1996b) and the activities of antioxidant
enzymes of the Halliwell-Asada pathway were sig-
nificantly lower in non-regenerating tobacco proto-
plasts (de Marco and Roubelakis-Angelakis, 1996a,
1999). Furthermore, in an effort to identify the
mechanisms of AOS generation during protoplast
isolation, the contribution of maceration enzymes
and wounding of leaf tissue were studied (Pa-
padakis and Roubelakis-Angelakis, 1999). Use of the
non-purified cellulase Onozuka (Yakult Honsha
Co., Tokyo), which is known to contain xylanase
and possibly other enzymic contaminants (Fuchs et
al., 1989), induced a burst of O2

.2 and H2O2 accu-
mulation in tobacco leaf strips, whereas signifi-
cantly lower levels of both AOS were accumulated
in treated grapevine leaf strips. Wounding alone or
use of a purified cellulase (Worthington Biochemi-
cal Corporation, Freehold, NJ) did not elicit AOS
production. Superoxides and H2O2 were shown to
be generated by different enzymic systems in the
two plant species; in tobacco, two different AOS
synthase activities were revealed: a mammalian-like
NADPH oxidase and an NAD(P)H oxidase-peroxidase.
In grapevine only the latter activity was detected.

In this work, we have attempted to correlate the
totipotency of protoplasts with AOS accumulation,
intracellularly and extracellularly in the culture me-
dium, during an 8-d culture period. Also, we have
monitored lipid peroxidation, the endogenous lev-
els of reduced and oxidized ascorbate and glutathi-
one and the activities of SOD, APO, MDHAR,
DHAR, GR, and GS-POX in cultured T- and NT-
tobacco and in grapevine protoplasts. Our results
provide further evidence for the correlation of sup-
pressed expression of totipotency with reduced ac-
tivity of the cellular antioxidant machinery.

Table I. Accumulation of AOS in freshly isolated protoplasts
Protoplasts were isolated with purified cellulase after 4-h treatment (42) or with non-purified

cellulase after 4- or 16-h treatment (41 and 161). AOS were measured in 105 protoplasts (intracellu-
larly) and in the respective culture medium (extracellularly). Values are the means 6 SE of 10
independent experiments.

Hours of Maceration

AOS Accumulation

Tobacco Grapevine

O2
z2 H2O2 O2

z2 H2O2

nM

Intracellular
42 2.2 6 0.2 33.9 6 1.2 0.7 6 0.1 3.6 6 0.7
41 3.9 6 0.2 47.3 6 2.8 0.8 6 0.1 13.3 6 1.7
161 4.2 6 0.2 70.8 6 3.3 1.6 6 0.2 13.4 6 1.1

Extracellular
42 0.3 6 0.0 6.6 6 0.7 0.1 6 0.0 2.5 6 0.1
41 0.6 6 0.1 11.3 6 1.2 0.4 6 0.1 3.4 6 0.2
161 2.1 6 0.1 41.5 6 4.9 0.4 6 0.1 7.8 6 0.3
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RESULTS

Effect of the Quality of Maceration Enzymes and of the
Length of Maceration Period on AOS
Accumulation and on Protoplast Viability and
Plating Efficiency

Freshly isolated protoplasts with purified cellulase
accumulated O2

.2 and H2O2 intracellularly and ex-
tracellularly, in the culture medium (Table I). More
specifically, tobacco and grapevine protoplasts iso-
lated with purified cellulase contained, intracellu-
larly, 88% and 89% of total O2

.2 and 84% and 59% of
total H2O2, respectively. Use of purified cellulase for
4 h resulted in protoplasts with the highest viability
(80.5% and 74.4% viable protoplasts, respectively, for
tobacco and grapevine; Fig. 1a) and plating efficiency
during subsequent culture (the percentage of viable
protoplasts, which had already divided after 8 d in
culture, was 74.5% and 1.9%, respectively, for to-
bacco and grapevine; Fig. 1b). Tobacco protoplasts
isolated after a 4-h maceration period with non-
purified cellulase, known to result in AOS generation
(Ishii, 1987; Papadakis and Roubelakis-Angelakis,
1999), contained, intracellularly, 87% of total O2

.2

and 81% of total H2O2; protoplasts isolated following
a 16-h maceration period, contained, intracellularly,

66% of total O2
.2 and 63% of total H2O2 (Table I). The

respective values for grapevine protoplasts were 66%
and 80% after 4-h maceration and 80% and 63% after
16-h maceration.

Use of non-purified cellulase for 4-h maceration,
compared with the purified cellulase, resulted in in-
creased levels of intracellular (177%) and extracellu-
lar (1100%) O2

.2 and intracellular (140%) and extra-
cellular (171%) H2O2 in tobacco protoplasts (Table I).
Also, in grapevine protoplasts, the O2

.2 level in-
creased intracellularly (114%) and extracellularly
(1300%), and the H2O2 level increased intracellularly
(1269%) and extracellularly (136%). The increases in
AOS were accompanied by a decrease in viability
and plating efficiency of the resultant tobacco proto-
plasts, but they still could regenerate quite readily
(T-tobacco protoplasts, Fig. 1). However, when the
maceration procedure was extended to 16 h, the re-
sultant tobacco protoplasts lost their totipotency
(NT-tobacco protoplasts). In those NT-tobacco proto-
plasts, the intracellular O2

.2 and H2O2 had increased
by 8% and 58%, respectively, compared with freshly
isolated tobacco protoplasts with 4-h maceration and
non-purified cellulase, whereas the extracellular in-
crease was even greater (Table I). Comparable in-
crease in AOS accumulation was also detected in
grapevine protoplasts, but they did not regenerate
regardless of the quality of maceration enzymes or
the duration of the maceration period; by 8 d, they
exhibited a negligible number of divisions in all treat-
ments (Fig. 1b), even after 2 weeks in culture (data
not shown).

In T-tobacco protoplasts, intracellular and extracel-
lular AOS decreased during the 8-d culture period
(Fig. 2). In NT-protoplasts, both intracellular O2

.2

and H2O2 decreased by d 2 to the same level as in
T-protoplasts but then increased again by d 8. Both
the extracellular O2

.2 and H2O2 levels were greater
than those in T-tobacco protoplasts and decreased
during culturing, with the exception of a minor in-
crease in O2

.2 by d 8. In grapevine protoplasts the
intracellular and extracellular O2

.2 levels decreased
during culture, whereas the intracellular and extracel-
lular H2O2 remained at the same level as in freshly
isolated protoplasts until d 2, after which it decreased,
increasing again by d 8 in the case of extracellular
H2O2.

To test the effect of AOS on the behavior of
T-protoplasts, we used air-saturated DMSO supple-
mented with 5 mm NaOH, which is known to pro-
duce O2

.2 (Hyland et al., 1983) at a stable rate for 24 h
(data not shown). Addition of 2.5% (v/v) alkaline
DMSO to the maceration medium containing puri-
fied cellulase for 4 h resulted in tobacco protoplasts
with a viability and plating efficiency similar to those
of NT-protoplasts isolated after 16-h maceration with
non-purified cellulase (Fig. 1). On the other hand,
when 0.5 mm ascorbate was added in the maceration
medium for NT-tobacco protoplast isolation, the vi-

Figure 1. Viability (a) and plating efficiency (b) of tobacco and
grapevine mesophyll protoplast after 8 d in culture. Protoplasts were
isolated after 4-h maceration with purified cellulase (4 h2), with or
without addition of 2.5% (w/v) alkaline dimethylsulfoxide (DMSO),
after 4- and 16-h maceration with non-purified cellulase (4 h1 and
16 h1) or after 16-h maceration with non-purified cellulase with the
addition of 0.5 mM ascorbate (16 h1, ASA). Viability is expressed as
percentage of the initial number of protoplasts; plating efficiency
refers to the percentage of viable protoplasts that have divided on the
8th d in culture. Values are the means 6 SE of 10 independent
experiments.
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ability and the plating efficiency of these protoplasts
significantly increased (Fig. 1).

Endogenous Content and Redox State of Ascorbate and
Glutathione in Leaves and Cultured Protoplasts

Grapevine leaf tissue contained 1.5-fold more ASA
compared with tobacco leaf tissue (Fig. 3). In both,
the reduced form of ascorbate was present in greater
amounts than the oxidized form (dehydroascorbate
[DHA]). Total ascorbate was 3-fold lower in freshly
isolated T-tobacco protoplasts (Fig. 3a) and 4-fold
lower in NT-tobacco protoplasts (Fig. 3b) than in

donor leaf tissue. For grapevine protoplasts, total
ascorbate was 1.5-fold lower than in leaf tissue (Fig.
3c). In T- tobacco protoplasts the content of ASA
remained constant during 8 d of culture and was
greater than the content of DHA (Fig. 3a). However,
in NT-tobacco and grapevine protoplasts the content
of DHA increased during culture (Fig. 3, b and c). In
grapevine protoplasts, the content of DHA was sev-
eralfold greater than in NT-tobacco protoplasts. The
redox state of ascorbate, expressed as the ratio of
ASA to total ascorbate, was higher in both popula-
tions of tobacco protoplasts than in grapevine proto-
plasts, and followed a fairly similar pattern during

Figure 3. Total intracellular content of ascor-
bate and its reduced (ascorbate) and oxidized
(DHA) forms and the ascorbate redox state
(ascorbate/ASA1DHA) in leaf tissue and during
protoplast culture. T- and NT- designates totipo-
tent and non-totipotent tobacco protoplasts.
Values are the means 6 SE of three independent
experiments.

Figure 2. AOS accumulation during protoplast
culture. AOS were measured in 105 protoplasts
(intracellularly) and in the respective culture
medium (extracellularly). T- and NT- designates
totipotent and non-totipotent tobacco proto-
plasts. Values are the means 6 SE of 10 inde-
pendent experiments.
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the 8-d culture period in all populations (Fig. 3d);
however, the highest redox state was characteristic of
the T-tobacco protoplasts.

Tobacco leaf tissue had a 3-fold higher total gluta-
thione content than grapevine leaf tissue; in both
cases, glutathione was almost entirely in the reduced
form (GSH; Fig. 4). In the two populations of tobacco
protoplasts, GSH increased significantly during the
8-d culture period (Fig. 4a); this increase was more
pronounced in T- than in NT-tobacco protoplasts
(Fig. 4b). In both, the ratio of GSH to total glutathione
was greater than 0.5 (Fig. 3d). In contrast, in grape-
vine protoplasts, the content of GSSG was always
greater than that of GSH (Fig. 3c).

Lipid Peroxidation in Cultured Protoplasts

In previous work, we showed that increased lipid
peroxidation was accompanied by reduced morpho-
genic potential (Benson and Roubelakis-Angelakis,
1992, 1994). Fluorescent peroxidized lipids were ex-
tracted from leaf tissue and protoplasts, and their
concentration was determined by recording their flu-
orescence intensity and spectra. Fluorescent peroxi-
dized lipids were present in the leaf tissues of both
plant species in similar amounts (Fig. 5). In T-tobacco
protoplasts, the amounts of fluorescent peroxidized
lipids per milligram protein remained fairly constant
during culturing, whereas in NT-tobacco protoplasts,
it increased 2- to 3-fold during the 8-d period. In
grapevine protoplasts, extensive lipid peroxidation
was detected and the content of fluorescent peroxi-
dized lipids per milligram protein was almost 2-fold
greater than in NT-tobacco protoplasts and more
than 3-fold greater than in T-tobacco protoplasts.

SOD, APO, MDHAR, DHAR, GR, and GS-POX
Activity in Protoplasts

Various stress conditions are known to induce ex-
pression of SOD (Bowler et al., 1992). In freshly iso-
lated T-tobacco protoplasts, SOD activity was
slightly higher than in tobacco leaf tissue and contin-
ued to increase during the 8-d culture period (Fig. 6).
In freshly isolated NT-tobacco protoplasts, SOD ac-
tivity was more than 2-fold higher than in intact leaf
and continued to increase up to d 4 but declined
thereafter. The correlation of SOD activity with the
presence of O2

.2 was shown by the addition of alka-
line DMSO to the maceration medium for T-tobacco
protoplast isolation. The changes in SOD activity
during the first 4-d culture paralleled those in NT-
tobacco protoplasts (Fig. 6, insert). In grapevine pro-
toplasts, the increase in SOD activity was very low
during the entire culture period.

Figure 4. Total intracellular content of glutathi-
one and its reduced (GSH) and oxidized (GSSG)
forms and the glutathione redox state (GSH/
GSH1GSSG) in leaf tissue and during proto-
plasts culture. T- and NT- designates totipotent
and non-totipotent tobacco protoplasts. Values
are the means 6 SE of three independent
experiments.

Figure 5. Degree of lipid peroxidation, measured as the accumula-
tion of lipofuscin-like fluorescent compounds in leaf tissue and dur-
ing protoplasts culture. T- and NT- designates totipotent and non-
totipotent tobacco protoplasts. Values are means 6 SE of three
independent experiments.
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The contribution of individual SOD isoenzymes to
total SOD activity was determined by performing
SOD assays directly on protein extracts separated in
non-denaturating gels. Three and four bands of SOD
activity were detected in samples from tobacco and
grapevine leaf tissue, respectively (data not shown).
In a previous study (Siminis et al., 1994), we have
shown that the upper band, in both plant species,
represents a mitochondrial MnSOD. The band with
higher mobility represents the cytosolic Cu/ZnSOD
isoenzyme in both grapevine and tobacco leaf cells.
In tobacco the lowest band represents a chloroplastic
FeSOD and in grapevine the two bands of the greater
mobility contained the chloroplastic Cu/ZnSOD
isoenzymes. Leaf extracts from both plant species
contained approximately equal amounts of SOD ac-
tivity (Fig. 6). In tobacco protoplasts, the content of
cytoplasmic SOD isoenzyme increased during the
early stages of culture and was particularly rapid in
NT-tobacco protoplasts (Fig. 7A). This increase was
associated with an increase in steady-state levels of
Cu/ZnSOD mRNA (Fig. 7B). During the later stages
of culture, cytoplasmic SOD remained high in
T-tobacco protoplasts but decreased gradually in NT-
tobacco protoplasts. In grapevine protoplasts, no sig-
nificant increase in cytoplasmic SOD content was
observed during culture (Fig. 7A). Levels of mito-
chondrial SOD activity were increased during culture

of protoplasts of both plant species but this induction
seems to be independent of the maceration treat-
ments (Fig. 7A). Chloroplastic SOD isoenzymes de-
creased during culture in all populations of proto-
plasts. No increase in the content of cytoplasmic SOD
was observed up to 6 d after wounding in leaf tissue
from both plant species (data not shown). A minor
increase was found 8 d after wounding in tobacco,
but it was not observed in grapevine.

APO specific activity was severalfold higher in to-
bacco leaf tissue compared with grapevine leaf tissue
(Fig. 6). It was relatively lower in freshly isolated
protoplasts but steadily increased in T-tobacco pro-
toplasts during culture, up to a 225-fold increase in
activity by d 8. In NT-tobacco protoplasts, APO ac-
tivity increased up to d 4 in culture and remained
constant thereafter, with final levels remaining lower
than those in leaf tissue. In grapevine protoplasts,
APO activity increased slightly up to d 4 in culture
and did not change thereafter. MDHAR activity in-
creased only in T-tobacco protoplasts during cultur-
ing (Fig. 6). The activity of DHAR, which regenerates
the reduced ascorbate pool, was reduced in all pop-
ulations of protoplasts (Fig. 6). However, the specific
activity of DHAR was always severalfold higher in
T-tobacco than in NT-tobacco and grapevine proto-
plasts. In contrast, GR specific activity increased sig-
nificantly in T-tobacco protoplasts during culturing,

Figure 6. Specific activity of SOD, APO,
MDAR, DHAR, GR, and GS-POX during proto-
plast culture. Insert indicates SOD activity dur-
ing alkaline DMSO treatment. T- and NT- des-
ignates totipotent and non-totipotent tobacco
protoplasts. Values are means 6 SE of five inde-
pendent experiments.
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as did GS-POX activity, up to d 4 (Fig. 6). The activity
of both enzymes was lower in NT tobacco protoplasts
compared with T-tobacco protoplasts. In grapevine
protoplasts, GR specific activity decreased during
culturing and no GS-POX activity could be detected.

DISCUSSION

Increased O2
.2 and H2O2 accumulation during iso-

lation and culture was accompanied by a decrease in
viability and plating efficiency of tobacco protoplasts
(Table I, Fig. 1) and a direct correlation between
increased AOS and repressed expression of totipo-
tency was demonstrated. This was reinforced by the
fact that addition of alkaline DMSO to the maceration
medium, normally used to produce T-tobacco proto-
plasts, resulted in increased content of AOS and pro-
duction of NT-tobacco protoplasts (Fig. 1). Further-
more, ascorbate increased the viability and plating
efficiency of NT-tobacco protoplasts (Fig. 1), in agree-
ment with the results of Ishii (1988), who improved
the plating efficiency of rice (Oryza sativa) protoplasts
by adding SOD and catalase in the maceration me-
dium or GSH in the culture medium. Also, in cul-
tured protoplasts of both tobacco and grapevine,

O2
.2 decreased with culture, concomitant with an

increase in Mn superoxide dismutase activity, as well
as an increase in Cu/Zn SOD activity, although the
latter was found only in tobacco protoplasts (Figs. 2
and 7). In NT-tobacco protoplasts, Cu/Zn SOD ac-
tivity and transcript level decreased by d 8 of culture
(Fig. 7) and was accompanied by an increase in in-
tracellular O2

.2 (Fig. 2), whereas in T-tobacco proto-
plasts, Cu/Zn SOD continued to increase throughout
the culture period, concomitant with the decrease in
the respective intracellular O2

.2 (Figs. 2 and 7). Cy-
tosolic Cu/Zn SOD activity (Matters and Scandalios,
1987) and mRNA levels (Van Camp et al., 1994;
Willekens et al., 1994) have previously also been
shown to increase in maize (Zea mays) during stress.

The cellular machinery for H2O2 scavenging is very
complex; H2O2 is removed by catalase in microbodies
and mitochondria (Scandalios et al., 1980) and by
different isoforms of APO in chloroplasts, cytoplasm,
peroxisomes, and mitochondria (Chen and Asada,
1989; Mittler and Zilinskas, 1991; De Leonardis et al.,
1995; Yamaguchi et al., 1995). Catalase protective
activity has been shown to rapidly increase in to-
bacco but not in grapevine leaf during maceration
with cell wall-degrading enzymes (Siminis et al.,
1994), when H2O2 starts to accumulate (Papadakis
and Roubelakis-Angelakis, 1999). The level of H2O2
decreased during protoplast culturing both intra-
and extracellularly, except in NT-tobacco and grape-
vine protoplasts in which the intracellular and extra-
cellular H2O2, respectively, increased by d 8 (Fig. 2).
APO activity in cultured T-tobacco protoplasts was
strongly enhanced (Fig. 6) and possibly compensated
for the decreasing activity of catalase in H2O2 scav-
enging (Siminis et al., 1994). Steady-state levels of
cytoplasmic APO mRNA were relatively high in
T-tobacco protoplasts, but were not detectable in NT-
tobacco protoplasts during culturing (de Marco and
Roubelakis-Angelakis, 1996b); therefore, the small in-
crease of APO activity observed in NT-tobacco pro-
toplasts (Fig. 6) could be due to the increased levels
of other isoform(s). In NT-tobacco protoplasts, where
a significant decrease in catalase activity was ob-
served (Siminis et al., 1994), APO activity increased
slightly up to d 4 in culture and remained constant to
d 8 (Fig. 6), when the intracellular H2O2 content was
increased (Fig. 2). In grapevine protoplasts, high
catalase but low APO activity was observed (Siminis
et al., 1994; Fig. 6), associated with decreased intra-
cellular H2O2 (Fig. 2). These results suggest that T-
and NT-protoplasts of tobacco and grapevine tissues
employ different mechanisms for AOS scavenging.

APO activity depends on the availability of reduced
ascorbate produced by the ascorbate-glutathione cycle
(Foyer and Halliwell, 1976). MDHAR activity, which
regenerates reduced ascorbate, constantly increased
during T-tobacco protoplast culturing in parallel to
APO activity, whereas DHAR activity decreased (Fig.
6). Reduced ASA slightly decreased in these proto-

Figure 7. Levels of individual SOD isoenzymes and CuZnSOD
mRNA during protoplast culture. A, SOD isoenzyme activity during
protoplast culture. Isoenzymes were detected by activity staining of
protein extracts separated in non-denaturating gels. Arrows indicate
the SOD isoenzymes. mit, Mitochondrial isoenzyme; cyt, cytoplas-
mic isoenzyme; chl, chloroplastic isoenzyme. B, Steady-state levels
of cytoplasmic Cu/ZnSOD mRNA during protoplast culture. T- and
NT- designates totipotent and non-totipotent tobacco protoplasts.
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plasts during culturing whereas the DHA content re-
mained fairly constant (Fig. 3a). Both ASA and DHA
increased significantly in NT-tobacco and grapevine
protoplasts but DHA content was always greater than
that of reduced ASA (Fig. 3, b and c). The lower redox
state of ascorbate in NT-tobacco protoplasts coincided
with lower activities of DHAR throughout culture
(Figs. 3d and 6).

Glutathione is another component of the Halliwell-
Asada pathway, whose reduction is catalyzed by GR.
In T-tobacco protoplasts, GR activity increased more
than 8-fold by d 8 of culture and coincided with a
high content of GSH (Figs. 4a and 6). In contrast,
NT-tobacco and grapevine protoplasts exhibited sig-
nificantly lower GR activity, together with lower
GSH levels (Figs. 4, b and c, and 6); in fact, grapevine
protoplasts exhibited lower GSH levels compared
with GSSG levels during the entire culture period
(Fig. 4c). Increased GSH was strongly correlated with
protection to oxidative stress in Arabidopsis suspen-
sion cultures (May and Leaver, 1993), whereas GSSG
can be harmful to cells because it can inhibit protein
synthesis and enzyme activities (Alscher et al., 1997).
The ratio of reduced to oxidized ascorbate and glu-
tathione declined during ozone fumigation and chill-
ing stress (Luwe et al., 1993; Walker and McKersie,
1993). Recent data have shown that changes in the
redox status of the cell are among the events that
launch the reciprocal up-regulation of defense mech-
anisms with down-regulation of the cell cycle; in-
creased levels of ASA and/or GSH may be necessary
for the G1/S transition (May et al., 1998).

GSH is, in turn, a substrate for GS-POX, the activity
of which was below the detection limit in intact
leaves of both plant species (Fig. 6). GS-POX activity
increased significantly in T-tobacco protoplasts up to
d 4 of culture and then decreased; in NT-tobacco
protoplasts, GS-POX activity was severalfold lower
than in T-tobacco protoplasts and in grapevine pro-
toplasts it was undetectable (Fig. 6). Changes in the
redox status of glutathione have been reported to
have a regulatory impact on gene expression of cy-
tosolic and chloroplastic isoforms of Cu/Zn SOD
(Wingsle and Karpinski, 1996) and of other enzymic
AOS scavengers (Karpinski et al., 1997). In grapevine
protoplasts with a low redox status of glutathione,
cytosolic SOD was not expressed (Figs. 4 and 6).
Tepperman and Dunsmuir (1990) suggested that
SOD activity is not the limiting factor for cell survival
during stress because overexpression of Cu/Zn SOD
did not protect plants against paraquat treatment. It
seems that crucial is not only the absolute concentra-
tions of AOS, but also their coincidence in the same
cell compartment; both are substrates for the Haber-
Weiss reaction that produces the very toxic hydroxyl
radicals (Bowler et al., 1992). The generation of .OH
can be avoided by a balanced interaction of the
compartment-specific isoenzymes of the antioxidant
enzymes. In grapevine protoplasts, the activities of

the antioxidant enzymes tested were moderate and
declined during culturing (Fig. 6). The loss of effec-
tive defense against oxidative stress in both NT-
tobacco and grapevine protoplasts is further sup-
ported by the detection of high levels of fluorescent
lipid peroxides (Fig. 5).

The data presented here provide further evidence
for the importance of the antioxidant machinery in
plant protoplasts. T- and NT-protoplasts differ in
their AOS detoxifying metabolism. Several new ques-
tions can now be addressed. Is the high H2O2 in
NT-tobacco protoplasts responsible for blocking the
regenerating potential, and does the low extracellular
H2O2 level in NT protoplasts prevent the required
cell wall reconstitution before the protoplast are able
to divide? Why is it that catalase, which has a high
Km for H2O2, does not appear to be capable of effec-
tively scavenging this H2O2? Why is it that APO, a
complementary H2O2 scavenger, GR, and GS-POX
are not expressed in NT protoplasts, and what is the
relationship between the low redox state of ascorbate
and glutathione and these deficiencies? Attempts to
answer these questions by using molecular ap-
proaches may elucidate whether in fact the activity of
the antioxidative machinery controls expression of
totipotency or whether this is the result of other
mechanism(s) that can block the developmental
process.

MATERIALS AND METHODS

Plant Material

Protoplasts were isolated from fully expanded, but not
senescent, leaves of in vitro-grown grapevine (Vitis vinifera
L. cv Sultanina; Roubelakis-Angelakis and Zivanovitc,
1991) and greenhouse-grown tobacco (Nicotiana tabacum L.
cv Xanthi) plants. Small leaf segments (2 mm) were used in
all experiments.

Protoplast Experiments

Grapevine and tobacco mesophyll protoplasts were iso-
lated and cultured as already described (Koop and
Schweiger, 1985; Katsirdakis and Roubelakis-Angelakis,
1992). The cell wall-hydrolyzing enzymic preparations
used in this study were Cellulase R-10, Macerozyme R-10
Onozuka, and purified Cellulase Worthington. Cellulase
Onozuka is rich in xylanase, whereas Macerozyme Ono-
zuka and Cellulase Worthington are free of xylanase activ-
ity (Fuchs et al., 1989). The macerating enzyme solutions
were 1% (w/v) Cellulase R-10, 0.5% (w/v) Macerozyme
R-10, or 0.25% (w/v) Cellulase Worthington, 0.5% (w/v)
Macerozyme R-10; both exhibited the same cellulase activity.
The incubation period with cell wall-hydrolyzing enzymes
for isolation of T- and NT- tobacco protoplasts was 4 and
16 h, respectively and of grapevine protoplasts it was 4 h
(Siminis et al., 1994). All treatments were in the dark at 25°C.
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Viability Staining

Protoplasts were incubated with a 0.01% (w/v) solution
of Evans blue in culture medium for 10 min, after which
viable protoplasts were identified on the basis of stain
exclusion (Graff and Okong O-Ogola, 1971).

Chemiluminescence Assay for O2
.2 and H2O2

The production of O2
.2 and H2O2 from protoplasts was

determined by a chemiluminescence assay with luminol
and lucigenin as substrates, respectively (Murphy and
Auh, 1996; Papadakis and Roubelakis-Angelakis, 1999).

Protein Extraction, Enzyme Assays, and Electrophoresis

Total proteins were extracted from leaf tissue and pro-
toplasts as already described (Siminis et al., 1994). In brief,
extraction buffer consisted of 0.2 m Tris-HCl (pH 8.0), 5 mm
dithiothreitol, 0.5 mm phenylmethylsulfonyl fluoride, 10
mm leupeptin, 10% (w/v) glycerol, 0.25% (w/v) Triton
X-100, and 20% (w/v) insoluble polyvinylpolypyrrolidone.
Ascorbate (1 mm) was included when the protein extract
was to be used for APO assay. The samples were homog-
enized with extraction buffer using a Polytron (Ultra Tur-
rax T25, probe S15 n 10G) at a speed of 20,000 rpm. The
homogenates were centrifuged at 40,000g for 30 min and
the supernatants divided into aliquots and frozen at
280°C. The entire extraction procedure was performed at
4°C. Protein determination was performed according to
Lowry et al. (1951).

Total SOD (EC 1.15.1.1) activity was determined in crude
protein extracts using the photochemical assay developed
by Misra and Fridovich (1977). SOD isoenzymes were lo-
calized in non-denaturating polyacrylamide gels using the
in situ staining technique of Beauchamp and Fridovitch
(1971). Samples containing 150 mg protein were electropho-
resed on 7.5% (w/v) polyacrylamide gels of 1 mm thick-
ness in a mini-Protean II gel system (Bio-Rad, Hercules,
CA), using the Laemmli (1970) buffer system.

APO (EC 1.11.1.11), MDHAR (EC 1.6.5.4), DHAR (EC
1.8.5.1), GR (EC 1.6.4.2), and GS-POX (EC 1.11.1.9) activities
were measured as summarized by de Marco and
Roubelakis-Angelakis (1996b, 1999). All enzyme assays
were carried out at 25°C. Enzyme activities are expressed
in units per milligram protein. One unit of activity is de-
fined as the amount of enzyme that oxidizes 1 mmol of
substrate per minute under standard conditions.

RNA Extraction and Blotting

Extraction of RNA from protoplasts was as described by
Slater (1988). Total RNA was quantified by spectroscopy
and further confirmed by gel electrophoresis and ethidium
bromide staining. For RNA-blot analysis, 15 mg of total
RNA was denaturated in formaldehyde, electrophoresed,
and transferred to GeneScreen membranes (NEN, Boston)
by capillary blotting, according to Sambrook et al. (1989).
RNA was fixed on the membranes using 30-s UV exposure
followed by 2 h incubation at 90°C. Membranes were hy-

bridized at 60°C with a specific 32P-labeled probe, prepared
with random priming (Feinberg and Vogelstein, 1983), us-
ing as template a cDNA fragment of 494 bp corresponding
to cytoplasmic SOD of Nicotiana plumbaginifolia (Tsang et
al., 1991).

Photographs of stained gels and northern-blot autora-
diographs were scanned with an HP ScanJet 6100 scanner
(Hewlett-Packard, Palo Alto, CA) and printed on an HP
LaserJet 2100 TN printer using 1,200-dpi photo quality
glossy paper, without any visible loss of detail.

Determination of Ascorbate, Glutathione, and
Fluorescent Compounds

Total and reduced ascorbate were measured as de-
scribed by Wang et al. (1991); total and oxidized glutathi-
one were measured according to Akerboom et al. (1981).
Lipofuscin-like fluorescent compounds (conjugated Schiff
bases) were extracted from leaf tissue and protoplasts with
a chloroform-methanol mixture and their concentration
was determined by recording their fluorescence spectra
and intensity (excitation at 300 and 355 nm, emission at 430
nm). Interfering fluorescent compounds from the lipid ex-
tracts (e.g. pigments) were removed with a silica column
(Sep Pack, Millipore, Bedford, MA) as has been described
earlier (Meir et al., 1992). Fluorescence intensity was ex-
pressed as optical density units per milligram protein.
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